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Abstract 
In this paper, investigation focuses on preparing hybrid metal matrix composites of AlMg1SiCu alloy as base material 
by incorporating 9% SiC and varying 3 to 9 % of graphite particulates varying insteps of 3 by vortex method. The wear and 
frictional properties of metal matrix hybrid composites were studied by performing dry sliding wear test using pin on disc wear 
test apparatus as per ASTM standards G – 99. Experiments were conducted based on the plan of experiments generated through 
Taguchi’s technique. A L9 Orthogonal array was selected for analysis of data. Investigation to find the influence of applied load, 
sliding speed and track diameter on wear rate as well as coefficient of friction during wearing process was carried out using 
ANOVA. A mathematical model has been made for all cases that were studied depending on the method of least squares which 
helps in foretelling about the wear rate through the knowledge of limits as a variable with fixing the other variables Objective of 
the model was chosen as smaller the better characteristics to analyses the dry sliding wear resistance. The parametric studies 
indicate that on increase in the percentage of reinforcement; wear rate and coefficient of friction decreases. 
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1. Main text  
Conventional monolithic materials have limitations in achieving good combination of Strength, stiffness, 
toughness and density. To overcome these shortcomings and to meet the ever Increasing demand of modern day 
technology, composites are most promising materials of recent interest, one of these being Hybrid Metal Matrix 
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Composites (HMMCs) which possess high specific strength, toughness, impact strength and low sensitivity to 
temperature changes [1-3]. As a result, many of the current applications for HMMCs are in aerospace and 
automobile components, where the service environments are demanding and dynamic loading is common. HMMCs 
typically are made of discontinuous fiber or particle phase that is stiffer and stronger than the continuous matrix 
phase. 
Aluminium based MMCS are still the subjects of intense studies, as their low density gives additional advantages 
in several applications. Among the various useful aluminium alloys, aluminium alloy AlMg1SiCu (Al 6061) is 
typically characterized by properties such as fluidity, castability, corrosion resistance and high strength-weight ratio. 
Due to its high wear loss nature it will not be applicable for many tribological applications. AMCs can be reinforced 
with SiC, Al2O3, B4C, TiC, TiB2, MgO, TiO2 and BN. To avoid this drawback, aluminum alloy SiC particulate 
composites are being explored for the mechanical and the tribological applications. Therefore, the investigation of 
tribological and mechanical behavior of aluminum based materials is becoming increasingly important. The 
incorporation of a hard ceramic phase to a relatively soft matrix alloy, commonly aluminium, improves the strength, 
creep performance, and wear resistance of the alloy [4, 5].  
A good number of studies have been done on the Al/SiCp [6-8] and Al/Graphite [9, 10] individually. 
Traditionally, the external lubricant plays an important role in wear behavior. Though the wear behavior of Al/SiCp 
is good, the addition of natural lubricant like graphite enhances the self-lubricating capacity of the composites, 
which is essential in some of the applications where lubrication needs to be applied periodically, especially for wear 
parts which are difficult to access. Solid lubricant contained in the composite can be released automatically during 
the wear process and reduces the wear.This alloy has been commonly used as a base metal for MMCs reinforced 
with a variety of fibres, particles and whiskers. In recent years, considerable work has been done on Silicon carbide 
reinforced metal matrix composites, because of its high strength, and also graphite reinforced metal matrix 
composites which exhibit low density, low wear rate and excellent antiseizing properties.  Mechanical properties of 
MMCs are affected by the size, shape and weight fraction of the reinforcement, matrix material and reaction at the 
interface. 
 
Stir casting technique was used to fabricate metal matrix composites, because it is economical and good adhesion 
takes place between the matrix and reinforcement. 
 
Radhika et al. [11] found taguchi technique as a valuable technique to deal with responses influenced by 
multivariables. It is formulated for process optimization and detection of optimal combination of the parameters for a 
given response. This method significantly reduces the number of trials that are required to model the response 
function compared with the full factorial design of experiments. The most important benefit of this technique is to 
find out the possible interaction between the factors.  
  
    The experiment is planned in such a way to estimate simultaneously two or more factors which possess their 
ability to affect the resultant average or variability of particular product or process characteristics. To accomplish 
this in a valuable and statistically proper method, levels of the factors are varied in a strategic manner. The results of 
the particular test combinations are observed and the complete set of results are analyzed to determine the preferred 
level of the various influencing factors whether increases or decreases of those levels will potentially lead to further 
enhancement [12]. 
 
    Investigation of the experimental outcomes uses signal to noise ratio to support the determination of the finest 
process design. This method is effectively used to analysis of wear behavior of composites materials [13]. In this 
study characteristics were taken to finding the minimum wear rate under various applied load and sliding distance 
conditions. 
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Nomenclature 
Al2O3        Aluminium Oxide 
ANOVA    Analysis of Variance 
B4C           Boron Carbide 
BN             Boron Nitrate 
COF           Coefficient of Friction 
D                Track dia (mm) 
DOE           Design of Experiments 
Gr               Graphite 
L                 Applied Load (N) 
MgO           Magnesium Oxide 
MMCs        Metal Matrix Composites 
S                  Speed (rpm) 
SiC             Silicon Carbide 
TiB2          Titanium Boride 
TiC            Titanium Carbide 
TiO2          Titanium Oxide 
Y                wear rate response 
Z                Coefficient of friction response 
 
2. Experimentation 
2.1 Preparation of the composite 
In the preparation, first the Matrix was superheated over its melting temperature. Then temperature was 
decreased gradually below the liquidus temperature to keep the matrix alloy in the semi-solid state [9]. At this 
temperature, the preheated reinforcement were introduced into the slurry after effective degassing using solid 
hexachloroethane (C2Cl6), and then mixed. Before introducing, Silicon carbide and Graphite was preheated upto 
6000 C and 11000C respectively in an electrical resistance furnace. A small amount of Magnesium is introduced into 
the melt, to enhance the wettability between matrix and the reinforcement. The total weight of reinforcement was 
introduced into melt 3 times rather than introducing all at once. At every stage of before and after introduction of 
reinforcement particles, mechanical stirring of the molten alloy for a period of 10 min was achieved by using 
Zirconia coated steel impeller. The stirrer was preheated before immersing into the melt, located approximately to a 
depth of 2/3 height of the molten metal from the bottom and run at a speed of 300 rpm. Again the composite slurry 
was heated above its liquidus temperature to obtain fully liquid state, and stir for 10 minutes at an average speed of 
500 rpm. A pouring temperature of 7300C was adopted and the melt was poured into the preheated cast iron mould. 
Thus composites containing 9 % of SiC and 3 - 9% Gr in terms of weight were obtained in the form of cylindrical 
rods of dia 15 mm.  
2.2 Wear analysis 
The aim of the experiment is to achieve the minimum wear rate and coefficient of friction. A pin-on-disc 
tribometer is used to perform the wear experiment at Ducom Instruments, Bangalore. Specimens of size 10 mm 
diameter and 20mm length were cut from the cast samples, machined and then polished. The tests were conducted at 
room temperature (30°C) and humidity 60-65%, under unlubricated conditions. The wear track, alloy and composite 
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specimens are cleaned thoroughly with acetone prior to test. Each specimen is then weighed using a digital balance 
having an accuracy of ±0.0001 gm. After that the specimen is mounted on the pin holder of the tribometer ready for 
wear test. During the test, the sample is held pressed against a rotating EN32 steel disc (hardness of 65HRC) by 
applying load that acts as counter weight and balances the pin. The parameters such as the load, sliding speed and 
sliding distance were varied in the range given in Table-1. A LVDT (load cell) on the lever arm helps determine the 
wear at any point of time by monitoring the movement of the arm. Once the surface in contact wears out, the load 
pushes the arm to remain in contact with the disc. This movement of the arm generates a signal which is used to 
determine the maximum wear. Weight loss of each specimen was obtained by weighing the specimen before and 
after the experiment by a single pan electronic weighing machine with an accuracy of .0001g after thorough 
cleaning with acetone solution. 
 
 
                                                      
 
 
 
 
 
 
 
 
 
 
Fig.1.Stir Casting Furnace 
 
Table 1 Process parameters and their levels 
Parameter Level - 1 Level - 2 Level - 3 
Load 10 30 50 
Speed 200 600 1000 
Track Dia 50 80 110 
2.3 Plan of Experiments 
The optimization process involves the studying the response based on the combinations, estimating the 
coefficients, fitting the experimental data, predicting the response and checking the adequacy of the fitted model. 
Applied load, speed and Track dia were chosen as the independent variables and wear rate, coefficient of friction 
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was selected as response variables for the alloy and composites. Commercial statistical software MINITAB 16 was 
specifically used for design of experiment and L9 orthogonal array  and the selection of Orthogonal array depends 
on three items in order of priority, viz., the number of factors and their interactions, number of levels for the factors 
and the desired experimental resolution or cost limitations. A total of 9 experiments were performed based on the 
run order generated by the Taguchi model. The response for the model is wear rate and coefficient of friction.  plan 
of experiments were listed in the table below.  
The objective of model is to minimize wear rate and coefficient of friction. The Signal to Noise (S/N) ratio, 
which condenses the multiple data points within a trial, depends on the type of characteristic being evaluated. The 
S/N ratio characteristics can be divided into three categories, viz. „nominal is the best‟, „larger the better‟ and 
„smaller the better „characteristics. In this study, „smaller the better‟ characteristics were chosen to analyse the dry 
sliding wear resistance. The S/N ratio for wear rate and coefficient of friction using ‘smaller the better' characteristic 
given by Taguchi, is as follows:  
 
 
 
 
Where y1, y2...yn are the response of friction and sliding wear and n is the number of observations. The 
response table for signal to noise ratios show the average of selected characteristics for each level of the factor. This 
table includes the ranks based on the delta statistics, which compares the relative value of the effects. S/N ratio is a 
response which consolidates repetitions and the effect of noise levels into one data point. Analysis of variance of the 
S/N ratio is performed to identify the statistically significant parameters. 
Table 2 Plan of Experiments 
S.No Load Speed Track Dia 
1 10 200 50 
2 10 600 80 
3 10 1000 110 
4 30 200 80 
5 30 600 110 
6 30 1000 50 
7 50 200 110 
8 50 600 50 
9 50  1000 80 
 
 
In order to the combined effects of the independent variables on the responses, L9 orthogonal array 
experiments with no repetition  were carried out. The observed responses were fitted to a first order polynomial 
equation. From this the regression equation was derived for the composites and the taguchi technique was applied to 
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evaluate the optimum composite and condition. The investigational results and calculated values were obtained 
based on the plan of experiment and then the results were analyzed with the help of commercial software MINITAB 
16 as specially utilized for the Design of Experiment and statistical analysis of experiment applications. 
3. Results and Discussions 
3.1 Wear behavior 
The wear rate and coefficient of friction of composites decreases compared to base alloy. On increase in wt% of 
graphite wear rate and coefficient of friction decreases compared with the lower weight percentages of 
reinforcement. Graphite plays  lead in reducing the wear rate because of its self lubricant property.   The 
unreinforced aluminium alloy was softer than the hybrid reinforced composites and due to this the base alloy 
undergoes heavy plastic deformation on the surface which causes the high wear rate of base alloy.. the wear rate and 
coefficient of friction for base alloy and composites were shown in fig 2 
a 
                          
b     
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) Wear rate Vs. experimental sets        (b) COF Vs. experimental set 
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3.2 Analysis of Variance Results for Wear Test 
The experimental results were analysed with Analysis of Variance (ANOVA) which is used to investigate the 
influence of the considered wear parameters namely, applied load, sliding speed, and track dia that significantly 
affect the performance measures. By performing analysis of variance, it can be decided which independent factor 
dominates over the other and the percentage contribution of that particular independent variable.. This analysis is 
carried out for a significance level of α=0.05, i.e. for a confidence level of 95%. Sources with a P-value less than 
0.05 were considered to have a statistically significant contribution to the performance measures. 
 
3.3 Multiple linear regression model  
 
A multiple linear regression model is developed using statistical software “MINITAB 16”. This model gives the 
relationship between an independent / predicted variable & a response variable by fitting a linear equation to 
observe data. Regression equation thus generated establishes correlation between the significant terms obtained from 
ANOVA analysis namely applied load, sliding speed & track dia.  
 
The regression equation developed for wear rate for  base alloy and composites are as follows: 
 
Y (base alloy)                 = 0.00109 - 0.000001*L - 0.0000002*S - 0.000003*D…………………….. (1) 
Y(Al+9%SiC+3%Gr,)        =0.000839 - 0.000001*L - 0.0000002*S - 0.000003*D………………….  (2) 
Y(Al+9%SiC+6%Gr,)           = 0.000728 - 0.000002*L - 0.0000002*S - 0.000003*D…………………….(3) 
Y( Al+9%SiC+9%Gr,)          = 0.000732 - 0.000002*L - 0.0000003*S - 0.000004*D……………………(4) 
 
The regression equation developed for coefficient of friction for  base alloy and composites are as follows 
 
Z (base alloy)               = 0.326 + 0.00185*L- 0.0000004*S - 0.000711*D……………(5) 
Z(Al+9%SiC+3%Gr,)          =  0.33 + 0.00212*L + 0.000003*S - 0.000722*D……………..(6) 
Z(Al+9%SiC+6%Gr,)          = 0.396 + 0.00139*L - 0.000011*S - 0.000844*D…………….(7) 
Z( Al+9%SiC+9%Gr,)      = 0.426 + 0.00129*L - 0.000017*S - 0.0009*D……………….(8) 
 
From the above eq’s (1- 8)  it indicates that load, speed and track dia, increases or decreases the wear rate and 
coefficient of friction at any parametric value. the positive sign indicates that increase in load increases the wear rate 
and coefficient of friction and negative sign indicates that increase in speed and track dia decreases the wear rate and 
coefficient of friction. 
 
Confirmation experiment for wear rate and coefficient of friction was conducted as in the table 2 and compared 
with the regression equation results and found to be varied slightly in terms of percnetages. 
 
For base alloy, Al+9%SiC+3%Gr, Al+9%SiC+6%Gr, Al+9%SiC+9%Gr, the wear rate and coefficient of friction 
varies 1- 4% , 4 – 5%, 8 – 9%, 6-8% compared with the experimental values respectively. 
 
4. Conclusions: 
x The AlMg1SiCu hybrid composites have been successfully produced by the stir casting route for study on 
the mechanical and tribological properties. 
x The wear resistance of the composites increased with addition of the SiC and Gr particle content. The wear 
rate is significantly less for the composites compared to pure matrix material.  
x The wear rate at 9 wt. % SiC/Gr is very less compared with the wear rate for the pure matrix material.  
x The  analytical results of taguchi shows the speed , load and trackdia influences the wear rate and 
coefficient of friction 
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x From these results, the tribological applications are achieved by AlMg1SiCu Hybrid metal matrix  
composite at 9%ofSic/Gr 
x The smaller wear  rate i.e; 1.26E-05  is found at load 30N, speed 600 rpm, track dia 110 mm. 
x The smaller COF i.e; 0.447 is found at load 30N, speed 1000 rpm, track dia 50 mm. 
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